Dengue epidemics have affected the inhabitants of more than 100 countries worldwide, especially in tropical areas. There are estimates that approximately 390 million infections and 96 millions of cases of dengue occur per year ([@B3]). Because it is widespread, has great potential to cause severe or lethal disease, in addition to economic and social impacts, dengue is one of the world's greatest infectious disease problems ([@B10], [@B17]). Currently, countries in Central and South America account for almost 70% of the dengue cases reported to the World Health Organization (WHO) ([@B29], [@B24], [@B34].

In Brazil, successive dengue epidemics have occurred; its incidence has ranged from 40.2 cases per 100,000 inhabitants in 2004 to 744,9 cases per 100,000 inhabitants in 2013, with near 1.5 million cases registered in the same year ([@B22]). The Brazilian dengue cases account for almost 80% of the reported cases in the Americas and 61% of worldwide cases ([@B29], [@B33]).

*Aedes aegypti*, the main mosquito that transmits the dengue virus (DENV), is well adapted to the urban human environment. Thus, it has been difficult to reduce the population of these mosquitoes to adequately prevent the transmission of the virus ([@B18], [@B23]). This mosquito infests more than two-thirds of Brazil's municipalities and large-scale epidemics have repeatedly occurred in many municipalities. The occurrence of severe disease has also increased in several urban centers. These observations show that the actions that have been taken to reduce *Ae. aegypti* populations have been ineffective for reducing viral transmission in the affected cities, suggesting the need for epidemiological studies that produce information that contributes to the improvement of measures for dengue control and increase of its effectiveness ([@B27], [@B29], [@B23]).

Dengue epidemics have occurred in the state of Bahia (BA), a northeastern Brazilian state, since 1994. In that year, the DENV-2 serotype was introduced and it quickly spread to other urban centers ([@B19]). Since then, the incidence of dengue has been high (minimum of 49.4 per 100,000 inhabitants in 2004). At times, the incidence has exceeded the national average. In 2009, the incidence increased to 844.7 cases per 100,000 inhabitants ([@B25]). Among the epidemics that affected the cities of BA, we highlight the one that occurred in Jequié in 2009 due to its high incidence and severity, which alarmed the inhabitants of the municipality. In Brazil, several mid-sized urban centres located in countryside constitute regional economic centers by having higher infrastructure of trade and services that attract populations of the cities of their surroundings, favouring movement intense of people ([@B11]). Possibly, this is one of the factors that make them important centres for spreading dengue fever ([@B19]).

The transmission of dengue is modulate by a multiplicity of factors such as herd immunity, density of the vector population, climate, socioeconomic status, sanitation, density demographic, intraurban mobility, lifestyle, type of home construction, vegetation, among others ([@B15], [@B8]). Several authors have search to identify factors involved in this process in specific territories, using analysis tool spatial and space-time ([@B1], [@B31], [@B2], [@B20], [@B12]. This multiplicity of factors hinders a more complete approach of research on dengue. Therefore, to identify trends, most affected groups and the formation of spatial or relational \"clusters\", the descriptive epidemiology can provide important contributions to characterise the behaviour of the disease showing their changes over time and space and offering new strategies for monitoring and control, especially when it employs new methods and computational tools. Thus, understanding the transmission dynamics of infectious diseases is important not only because the information advances our knowledge on the subject, but also because it potentially allows for improvement of the available control measures ([@B15], [@B2].

This study aimed to identify the spatiotemporal pattern of dengue cases reported in a medium-sized city located in the Northeast Region of Brazil.

MATERIALS AND METHODS
=====================

*Study area* - We analysed the dengue epidemic that occurred in 2009 in Jequié ([Fig. 1](#f01){ref-type="fig"}), an important regional hub of BA. The epidemiological weeks (EW) from November 2008-December 2009 were used as the unit of time. Census tract (CT) and neighbourhood were the spatial units. This city is located between the *Ca-atinga* (tropical dry forest) and the Zona da Mata (forest zone). It has a tropical climate and is rainy and semiarid. Jequié experiences high temperatures (maximum 40ºC and minimum 19ºC) and a relative humidity ranging from 40-91%. In 2010, approximately 151,921 inhabitants lived in Jequié. The city had a mean density of 50.05 inhabitants per km^2^ ([@B11]).

Fig. 1: map of Jequié, state of Bahia, Brazil, showing census tract and neighbourhoods.

*Data* - The dengue data were obtained from the records of the Information System on Notifiable Diseases (SINAN) of the Health Department of the State of Bahia. Duplicate records and cases with incomplete or unregistered addresses were excluded.

All of the reported dengue cases registered met the dengue infection criteria adopted by the health services. The criteria are standardised by the Ministry of Health according to the recommendations of the Pan American Health Organization. Dengue fever was defined using the following criteria: (i) living in an endemic area, (ii) acute fever with a maximum duration of seven days and (iii) presence of at least two of the following symptoms: headache, retroorbital eye pain, myalgia, arthralgia, prostration or exanthema ([@B32]).

*Geoprocessing* - The cases in each household were georeferenced using a global positioning system. Next, the distribution of the cases was analysed by CT and by neighbourhood. A CT corresponds to the smallest territorial unit with identifiable physical limits and is delimited by the Brazilian Institute of Geography and Statistics (IBGE). Approximately 95% (10,214) of the 10,805 cases registered in the SINAN by the Municipal Health Department of Jequié were georeferenced. The addresses were spatialised in the Arcview GIS 3.3 software using the IBGE geographical mesh of the municipality's cartographic base. Maps with the distribution of the reported dengue cases during the study period for each EW were created.

*Spatial analysis* - The diffusion process of the epidemic was graphically represented using the Kernel method (quadratic function) for density estimation ([@B7]). Simulations were performed to test the bandwidth. The values of 800 m, 1 km and 1.5 km were tested using the formula shown below. The bandwidth of 1 km was found to be the most adequate to illustrate the progression of the epidemic.
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where λˆ (*s*) is a value estimated per area, τ is a bandwidth (smoothing parameter), *k* is the Kernel weighting function, *s* is the area center and *si* is the point location.

A series of 59 Kernel maps was created. The maps corresponded to the time between the EW 47 in 2008 and EW 52 in 2009. These representations showed the distribution of the reported dengue cases in this time frame in the CTs of the municipality. In this way, virus transmission through time and space was represented. These maps were used to construct images of the epidemic diffusion pattern. Then, the images were transformed into an animated projection for ease of visualisation.

*Space-time analysis* - The space-time interaction was evaluated using the Knox method ([@B13], [@B16]. This test, as well as all those who value space-time interaction, identifies the number of cases of a disease that are clustered in space-time. It counts the pairs of events that have occurred within critical pre-determined intervals of time and distance. Given \"n\" points located in time and space, there are n\*(n-1)/2 distinct pairs that can be divided into a 2 x 2 matrix. By simple statistics, the observed number of pairs of cases clustered in time and space is compared with the expected value (EV), assuming the null hypothesis of no interaction ([@B14]. The distance between the cases considered near each other is defined by the researcher, who must observe aspects of the transmission of the disease. In this study, dengue cases were considered to be close in space if they belonged to the same CT and close in time if the disease occurred during the same EW. To correct a mistake in the variance structure in Knox it was calculated the p-value based on the Poisson distribution and a Monte Carlo approach were also used to evaluate the significance of Knox's test for space-time clustering. It was done to handle the issue of interdependency ([@B16].

To characterise the anatomy of this event, the authors chose to apply this method in EW with highest and lowest number of reported cases of dengue, specifically in seven different points in time of the epidemic: the beginning (47 EW/2008), the peak (9 EW/2009) around the peak (7, 8, 10, 11 EW/2009) and the end (22 EW/2009).

RESULTS
=======

The incidence of reported dengue cases in 2009 was 6.918.7/100,000 inhabitants and only DENV-2 was isolated. The group at highest risk was five-nine year olds, with an incidence of 7.910/100,000 inhabitants. The next most-affected age groups were 10-19 year olds and 20-29 year olds (7.547 and 7.765/100,000 inhabitants, respectively).

*Temporal evolution* - In 2008, between EWs 29-46, the number of dengue cases in Jequié ranged from one-three. The epidemic began in November during EW 47, when seven cases were registered. In week 52, over 100 cases had already been reported. In the first week of 2009, the number of dengue cases tripled. From that time point, a further increase in the number of cases was reported. Between weeks 6-9 of 2009, 3,616 cases of dengue were registered, which accounted for 34.4% of the total reports in that year. In week 9 of 2009, the incidence increased to 828.7 cases per 100,000 inhabitants. The decline of the epidemic began in week 10 of 2009. In this week, approximately 40% fewer cases were reported compared with the previous week. In week 23 of 2009, only six cases were reported. In the second half of the year, the highest reported number was 31 cases, in the EW 43 ([Fig. 2](#f02){ref-type="fig"}).

Fig. 2: temporal evolution of the reported cases and incidence dengue by epidemiological week (EW), Jequié, state of Bahia, Brazil, 2008 \[from EW 47 (source: [@B25])\]-2009.

*Spatial distribution* - Dengue cases were registered in almost all of the intraurban spaces of Jequié, including the sparsely populated areas. Only 10 CTs showed no record of the disease. In the midwestern region, where most of the CTs were small in size, the Joaquim Romão and Centro neighbourhoods accounted for 42% of the total epidemic cases. The most populous neighbourhood of the municipality (Jequiezinho), which is in the central eastern portion of the city, also registered a large proportion of cases (27% of total cases). There are areas of lower population density in the east and west. When compared with the central, northern and southern areas of the city, which have larger CTs, the east and west registered a lower number of cases. The Mandacaru neighbourhood was the only exception. It is situated in a southern region of the city and accounted for 11% of the total reported cases of dengue ([Fig. 3](#f03){ref-type="fig"}).

Fig. 3: spatial distribution of notified cases of dengue per census tract, Jequié, state of Bahia, Brazil, 2008 \[from epidemiological week 47 (source: [@B25])\]-2009.

*Space-time distribution* - The seven dengue cases reported in EW 47 of 2008 were distributed in five CTs. The 13 cases reported in EW 49 were concentrated in the midwestern region, but cases in the northern and eastern regions of the city were also reported.

With the epidemic progression, the cases became concentrated in the CTs of the Joaquim Romão neighbourhood. In total, 74% (113) of the 152 reported cases in epidemiological EW 51 and EW 52 occurred in this neighbourhood in 2008. The concentration of reported cases in Joaquim Romão continued until EW 9 of 2009 (maximum epidemic peak).

The epidemic also significantly affected the eastern and southern regions of the city. The Jequiezinho neighbourhood in the east and Mandacaru neighbourhood in the south registered large numbers of dengue cases. Nonetheless, isolated reports were registered throughout almost the entire city beginning in EW 2 of 2009. This pattern of reports persisted until the end of the epidemic (EW 22), when the number of reports stabilised at six-31 cases.

The distribution of dengue cases by neighbourhood in each of the 52 EW revealed that the virus was spread in waves that started in a primary epicenter, the Joaquim Romão neighbourhood, the second most populous neighbourhood in the city. This area was that most contributed to the peak of the epidemic (EW 9) and to viral transmission across the regions of Jequié. This same area produced two secondary epicenters with high transmission rates, including Jequiezinho and Mandacaru. These epicenters were formed between EW 7-EW 9 of 2009. At this time, the epidemic had affected almost the entire city. This trajectory spatiotemporal can be best viewed in the animated projections (Supplementary data).

The Knox test ([Table I](#t1){ref-type="table"}) indicated space-time interactions (A = 13,580,769; p = 0.0001) during the epidemic. In the [Table II](#t2){ref-type="table"}, it should be noted that the number observed of events (A) that were close in space and in time significantly exceeded the expected of events (E) at the beginning (EW 47 of 2008: A = 1,118,182; E = 1,097,195), in the peak (EW 9 of 2009: A = 2,927,905; E = 2,881,599; EW 10 and 11: A = 95,682; E = 95,242) and end of the epidemic (EW 22 of 2009: A = 569,712; E = 566,338). Thus, a greater interaction was observed at the peak of the epidemic curve and a lesser interaction was observed as the curve declined at the end of the epidemic.

TABLE IPaired cases of dengue according to both spatialand temporal distances*a* during the epidemic in Jequié,state of Bahia, Brazil, 2008-2009PairsClose in space (d~ij~\<d~0~)Distant in space (d~ij≥~d~0~)TotalClose in time (t~ij~\<t~0~)13,580,769 (A)12,734,967 (B)26,315,736 (A + B)Distant in time (t~ij≥~t~0~)12,498,128 (C)13,343,927 (D)25,842,055 (C + D)Total26,078,897 (A + C)26,078,894 (B + D)52,157,791 (N)[^1]

TABLE IINumber of paired cases of dengue observed (A) and expected (E) according the periodPeriod of epidemicAEp2008    Week 47^*a*^1,118,1821,097,1950.00012009    Week 7107,446107,7850.0001 Week 8107,446107,7850.0001 Week 9^*b*^2,927,9052,881,5990.0001 Week 1095,68295,2420.0001 Week 1195,68295,2420.0001 Week 22^*c*^569,712566,3380.0001[^2]

DISCUSSION
==========

The surprising value of the incidence (6.918.7/100,000 inhabitants) of dengue during the epidemic that affected Jequié in 2009 was more than nine times upper that observed in 2002 (821.19/100,000 inhabitants), that previously was the year with the highest incidence of dengue in that city, when only DENV-3 was isolated . The incidence in 2009 was also 13.5 times higher than the mean incidence observed in Brazil in 2010, one of the epidemic years to dengue in this country ([@B26]).

DENV-2, the agent responsible for the 2009 epidemic in Jequié, was first time detected in the city in the late 1990s. The intense viral transmission was not contained until more than four weeks following the epidemic peak and 12 weeks after the epidemic onset. This containment may have been a result of a decrease in the number of susceptible individuals because the vector control measures were unsuccessful.

The significant interaction suggested that the disease distribution was not random. This result showed that there was an unexpected increase in dengue cases that were spatially close for events that were also close in time. The pattern of spread of this disease was initially characterised by its expansion around a focus producer of cases with greater intensity and, in a second stage, by displacement of that focus with the formation of several other secondary focus. Considering as reference the diffusion patterns of communicable diseases defined by [@B4] and [@B9], we conclude that the trajectory of this epidemic sets up a mixed pattern of diffusion, i.e., initially by the expansion and later by re-location.

This pattern found for the Jequié epidemic was different than the pattern described for the dengue epidemic in the capital city, Salvador, in 1995, in which only one epicenter was responsible for the spread of the disease ([@B2]). This difference is difficult to explain due to the numerous factors and complexity of the transmission dynamics of DENV ([@B15], [@B28], [@B2], [@B20]). The three epicenters of Jequié epidemic were formed in neighbourhoods characterised by high population density, low socioeconomic level and more precarious sanitary conditions, especially with regard to poor water supply, forcing their storage in tanks, drums and containers, that promote the proliferation of the mosquito. Unfortunately, these and other information such as infestation levels of *Ae. aegypti*, quantitative of breeding of this mosquito and DENV serotypes in prior periods were not available disaggregated by CT, in Jequié, that could help in explaining the origin of these epicenters.

Despite the differences in the patterns of spread of these dengue epidemics, it is important to note that the transmission dynamics of DENV over the course of the epidemics generally favoured the formation of hotspots representing *loci* of intense transmission of the agent, as shown in this and in similar studies ([@B2], [@B12], [@B30]). It is possible that the formation of new hotspots that occurred in Jequié was due to the displacement of persons who had unapparent infections or who were in the incubation period of the disease to other areas in the city receptive to viral circulation. In fact, when there are large numbers of individuals susceptible to the virus and *Ae. aegypti* are present ([@B21]) at the site, the spread of the disease is re-inforced, setting up a new epicenter.

Under-reporting, under-registration and misdiagnosis can affect the interpretation of results from studies using secondary data. Dengue cases diagnosed based on clinical signs and symptoms of the disease and epidemiological links were included, even without laboratory confirmation. However, another study of a dengue epidemic in Brazil showed that 80% of the cases reported based on the clinical-epidemiological criteria that were applied in the present study ([@B32]) were confirmed by laboratory testing (da [@B5]). Thus, it can be assumed that the reported cases in Jequié have the same proportion of true cases of dengue fever. As most DENV infections are asymptomatic ([@B6]), the dynamics of the disease when analysed from clinical cases represent only an approximation of the true dynamic. Despite the aforementioned limitations, it is possible that the influence of these restrictions did not substantially modify the actual spatiotemporal pattern of this epidemic. Problems concerning addresses that were not georeferenced were also assumed to be minimal because the procedure could not be performed in only 5% of the records.

The highest magnitude of the dengue epidemic occurred in Jequié, in 2009, suggests that the surveillance and control actions that have been employed to prevent the occurrence of dengue have not been sufficiently effective, similar to what is happening in other parts of the world ([@B23]). This fact has encouraged the development of new methods for reducing the transmission of the DENV, such as the use of immunogens and traps to capture vector mosquitoes and genetic modifications and bacterial infection of *Aedes* colonies. The use of current geoprocessing technologies allows identification, day by day, of the urban areas responsible for the highest degree of disease spread. Thus, when more effective instruments are available, intervention strategies that integrate various actions directed at these epicenters can be developed, with the aim of reducing the strength of the transmission of the DENV early in an epidemic.

In the context of public health, it is clear that the chain of transmission of infectious diseases should, ideally, be interrupted. As nowadays the only link vulnerable in the epidemiological chain to dengue is its vector, the identification of epicenters timely can help develop special strategies of vector control aimed at reducing transmission strength in these areas, in order to reduce the magnitude of the epidemic.
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[^1]: *a*: Knox statistics; d~0~: critical spatial distance; d~0~: critical temporal difference; d~ij~: spatial distance observed between cases i and j; t~ij~: time difference observed between cases i and j. p value from the chi-square test: 0.0001.

[^2]: *a*: beginning; *b*: peak; *c*: end.
